To further explore this modulation effect, the magnetic parameters of the heterostructure before and after the phase transition are processed and summarized in Table 1 . We analyzed the in-plane and out-of-plane hysteresis curves of the film and obtained the uniaxial magnetic anisotropy, K u , which increases from -3.55×10 6 erg/cm indicate the possibility of realizing an interfacial perpendicular magnetic anisotropy enhancement in similar heterostructures, which is highly desirable for high-density, nonvolatile magnetic storage 24 .
Optical control of the magnetic and transport properties in the heterostructure
After showing the magnetism modulation effect achieved though phase transition of VO 2 , we now focus on realizing the optically controlled magnetic modulation by optothermal effect. To achieve this goal, a red laser beam is used as a light source to trigger the phase transition. Fig.2a gives the hysteresis loops of the sample at initial, light-on and light-off states measured by in situ longitudinal magneto-optic Kerr effect (MOKE). Obvious modulation effect can be detected between initial and light-on states which verifies the optically controlled magnetic modulation feature. The light-off state is fully coinciding with the initial state, reflecting that this modulation is totally reversible.
To further study the modulation phenomenon, a phase-transition anisotropic magnetoresistance device (PTAMR device) was fabricated. A schematic illustration of the experimental setup is shown in Fig. 2b . The sample was patterned into a hall bar.
Magnetic and transport characteristics of this device were studied via magnetoresistance measurements. Fig. 2c presents the dependence of the device resistance on the light illumination power. Interestingly, the resistance of the heterostructure decreases after an increasement at small illumination power when a small current (1 µA & 10 µA) is applied. For a large measuring current (100 µA), the resistance first rises, then decreases, and then increases again (inset of Fig. 2c ). The change rates of the resistance decrease from 55% to almost 0% as the measuring current is increased. In contrast to the simple rising feature under heating in ordinary metals, this complex resistance variation can be explained as the competition between the resistance-temperature dependence of the magnetic metal and the current shunting effect induced by the VO 2 phase transition. Normally, illumination and Joule heating will increase the resistance of the device; however, the phase transition of VO 2 from insulator to metal reduces the device resistance. As a result, the resistance will first increase and then decrease when the phase transition occurs. In this sense, a small current can highlight the phase-transition feature. Thus, a measuring current of 1 µA is employed to perform the magnetoresistance measurement.
Magnetoresistance curves of the device before and after the VO 2 phase transition are shown in Fig. 2d , 2e & 2f. One obvious variation in this process is the shift in the "valley bottom" (i.e., from approximately 50 Oe to 10 Oe at 1 W/cm 2 , with a further decrease for 1.6 W/cm 2 ), which agrees with the modulation of the coercivity and magnetic anisotropy in the heterostructure ( Fig. 1 & TABLE 1 ). Moreover, even though the resistance decreases with increasing light power (10% upon the application of 1 W/cm 2 and 27% upon the application of 1.6 W/cm 2 ), the device remains sensitive to the magnetic field, i.e., it simultaneously responds to light and magnetic stimuli. These appreciable effects in the heterostructure may enable emerging device applications, which will be discussed in the last section of this paper.
Strain analysis and mechanism explanation
To clarify the relationship between the magnetism modulation and the phase transition of VO 2 , a series of experiments was carried out by MOKE measurements. As illustrated in Fig. 3a , even though the change rates are different, obvious coercive field shrinking can be observed for both heterostructure samples. However, only faint deviations of H C can be detected for the pristine NiFe sample ( Supplementary Fig. S2a ).
These results suggest that the modulation effect is dominated by the phase transition of VO 2 , rather than a pure thermal effect of the NiFe layer. We then measured the magnetization-temperature (M-T) dependence of the heterostructure sample. As illustrated in Fig. 3b , an abnormal peak can be detected in the M-T curve near the phasetransition critical temperature of VO 2 . The magnetization then increases with the temperature increase due to the coercive field shrinking. This phenomenon was not detected in the pristine NiFe or VO 2 samples ( Supplementary Fig. S1c ), which further confirms that the magnetism variation is indeed related to the phase transition of the VO 2 layer.
Further experimental evidence indicates that this modulation is an interfacial effect.
For heterostructure samples deposited on various TiO 2 substrates (Fig. 3a) , the experimental data show that the change in H C reaches 45% for TiO 2 (100) but only 25%
for TiO 2 (001) between the MS and RS. This feature verifies that the modulation depends on the crystalline structure of the VO 2 layer. Fig. 3c shows the analysis of the crystal axis conversion of VO 2 during its phase transition 19 . Remarkably, a more appreciable change can be achieved on the VO 2 layer grown on the TiO 2 (100) substrate. Based on the understanding that the magnetism modulation is mainly due to the interfacial strain, we focused on the origin of the magnetism modulation caused by interfacial strain during the phase transition 27 . Recent research has shown that by engineering the surface, perpendicular or other directions of magnetic anisotropy can be achieved in ultrathin magnetic films 28 . In our phase-transition heterostructure, the lattice variation in the specific plane is quite large, which could lead to some periodic bending and spin reorientation of the NiFe film in the interface region ( Supplementary   Fig. S3a ) 29 . Assuming that the main modulation mechanism is domain wall motion, the coercivity H c should depend on the domain wall energy 30 :
where x is the position of the domain wall, M s is the saturation magnetization, µ 0 is the permeability in vacuum and γ is the domain wall energy. γ can be further written as 31 :
where A is the exchange constant, K 1 is the crystal anisotropy, λ s is the magnetostriction coefficient and σ is the applied strain to the sample. Thus, γ depends on σ and further influences H c .
As shown in Fig. 4a & 4b, the cross-section transmission electron microscopy (cross-section TEM) results of the heterostructure on a TiO 2 (100) substrate verify the existence of thin-film bending in the heterostructure and the absence of obvious intermixing at the interface. Some distortion of the crystal orientation in the VO 2 layer can be observed near the bending area (Fig. 4a , TEM image; Fig. 4d , nanobeam electron diffraction result), which may be caused by the VO 2 phase-transition cooling from a high growth temperature after the PLD deposition. These structure features may further enhance the interface roughness after the phase transition, which may induce reorientation of the spin from in-plane to out-of-plane 26 (Fig. 4e) . These results are in agreement with the magnetic characteristic results, i.e., the increased K u and enhanced squareness of the out-of-plane hysteresis loop. The saturation magnetization decrease and coercive force shrinkage are probably caused by the varied distances between individual magnetic grains caused by the bending interface structure. The intergranular interaction might thus be weakened, which inhibits long-range exchange coupling.
Multiresistance realization and logic function implementation
These appreciable optically controlled modulation effects in heterostructures may further enable emerging device applications with multifield modulation capability 32-34 . Fig. 5a & 5b show that the magnetoresistance curves of the heterostructure move to a lower resistance state once illumination is applied. Utilizing this feature, the PTAMR device provides an opportunity to achieve multiresistance states controlled by the magnetic field and light illumination. With great potential in information processing, new strategies for spin logic applications are highly desired 35, 36 . In the following, we will present a demonstration of multifield programmable logic gates based on the PTAMR device. Fig. 5d shows four resistance states selected from As illustrated in the truth table in Fig. 5d , four different resistance states can be achieved with different inputs. In this case, we can set different threshold resistances to define in the range in which the resistance can be read as logic 1 and that in which the resistance is read as logic 0. Two threshold resistance settings (TRSs) are marked as dashed lines in Fig. 5d . Fig. 5e illustrates the implementation of six universal Boolean logic functions in a single phase-transition spintronic device. Using AND as an example, AND is a logic function of two binary inputs. The output is always logic 0 except when the inputs are both logic 1, in which case the output is logic 1. TRS 1 is used in this
case. An output resistance above TRS 1 is defined as logic 1, and a resistance below is logic 0; thus, resistance 1 (R1) is logic 1, and resistance 2 (R2), 3 (R3) and 4 (R4) are logic 0. When the illumination is off and a field is applied, logic 1 is the output. The detailed settings for this phase-transition device to realize different logic functions are presented in Fig. 5e . The arrow shows the resistance range in which the signal should be read as 1, and the opposite should be 0. Following the instructions given by the arrows in Fig. 5e , the logic functions of OR, NAND and NOR can be fulfilled. For XOR and NXOR, TRS 1 and TRS 2 are both used to define the resistance window. If the resistance between TRS 1 and TRS 2 is logic 1 and a resistance that exceeds this range is logic 0, then, R2 and R3 are logic 1, and R1 and R4 are logic 0. Thus, XOR is programmed. If the setting is reversed, NXOR is programmed. For NOT logic operation, the light input can be omitted. The logic operation can be achieved by changing the field from the H x to H y direction at the same field input setting (Fig. 5d ). With the ability of responding to both optical and Oersted-field inputs, this optically controlled phasetransition spintronic device, which implements various logic functions in a single device, has great application potential for reconfigurable, programmable and cascadable logic devices beyond CMOS and will pave the way for big data and neuromorphic computing 37, 38 .
DISCUSSION
In this work, we combine the strongly correlated electron material and the spintronic material to fabricate newly artificial heterostructures, which endow the spintronic material with optical modulation ability of magnetic and electrical properties by the reversible phase-transition process. The variation of the interfacial anisotropy energy, which reflects the modulation ability of the method, reaches 130 µJ/m 2 . It is comparable to the traditional modulation strategies based on strain 39,40 or charge Temperature control and red-light illumination are used as different stimuli for the phase transition of VO 2 . As illustrated in Fig. S1 , the resistance variation of VO 2 grown on a TiO 2 (100) substrate reached three orders of magnitude. When temperature is used to trigger the transition (Fig. S1a) , the critical temperature is near 340 K, which is consistent with the magnetic change of the heterostructure described in Fig. 4e in the main text. For the illumination-triggered phase transition (Fig. S1b) , the most intense resistance change occurs from 500 to 750 mW, and an obvious variation loop could be detected, as observed for the thermal methods. The temperature dependence of the outof-plane magnetization at a magnetic field of 100 Oe was also measured, and no magnetic phase was found in this VO 2 sample. (c) Temperature dependence of the out-of-plane magnetization at a magnetic field of 100 Oe. The signal reached the detectable limit of the instrument, and no magnetic phase was found.
Section Ⅱ. Coercivity change of different samples
In situ longitudinal magneto-optic Kerr effect (MOKE) measurements using red-light illumination to trigger the phase transition were performed for several samples. It is found that the change rate of H C reaches 67% with the light on and off, which is slightly higher than that of the 5-nm sample in the main text. We changed the thickness of the NiFe layer to 10 nm (Fig. S2c) , and the change rate quickly dropped to 0%. This thickness dependence indicates that the interfacial strain coupling plays a crucial role in the magnetism modulation. 
Section Ⅲ. Lattice parameter change calculation
The structure variation of VO 2 during the phase transition is qualitatively analyzed based on the bulk parameters. As the temperature increases, the monoclinic structure of VO 2 transforms to the rutile structure, and vice versa for a temperature decrease. The change rates in each direction can be calculated as k = 
